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Characterization of aerosols over the Great Barrier Reef: The influence of 
transported continental sources 
Abstract 
The rapid environmental changes in Australia prompt a more thorough investigation of the influence of 
transportation, local emissions, and optical-chemical properties on aerosol production across the region. 
A month-long intensive measurement campaign was conducted during spring 2016 at Mission Beach, a 
remote coastal site west of the Great Barrier Reef (GBR) on the north-east coast of Australia. One aerosol 
pollution episode was investigated in early October. This event was governed by meteorological 
conditions and characterized by the increase in black carbon (BC) mass concentration (averaged value of 
0.35 ± 0.20 μg m−3). Under the influence of the continental transportation, a new layer of nucleation-
mode aerosols with an initial size diameter of 20 nm was observed and aerosol number concentrations 
reached the peak of 6733 cm−3 at a diameter of 29 nm. The averaged aerosol extinction coefficient at the 
height of 2 km was 150 Mm−1, with a small depolarized ratio (3.5-5%). Simultaneously, the boundary layer 
height presented a fall-rise trend in the presence of these enhanced aerosol concentrations and became 
stable in a later stage of the episode. We did not observe clear boundary layer height diurnal variations 
from the LiDAR observations or from the Weather Research and Forecasting (WRF) model outputs, except 
in an earlier stage of the aerosol episode for the former. Although the sea breeze may have been 
responsible for these particles, on the balance of available data, we suggest that the aerosol properties at 
the GBR surface during this period are more likely influenced by regional transportation of continental 
sources, including biomass-burning aerosols. 
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Abstract. The rapid environmental changes currently taking place in the Australia 25 
region prompt a more thorough investigation of the influence of transportation, local 26 
emissions, and optical–chemistry properties on aerosol production across this region. 27 
A month-long intensive measurement campaign was conducted during the spring of  28 
2016 at Mission Beach, a remote coastal site west of the Great Barrier Reef (GBR) on 29 
the north-east coast of Australia. One aerosol episode was investigated in the early 30 
October. This event was governed by meteorological conditions and characterized by 31 
the increase of black carbon (BC) mass concentration (averaged value of 0.35±0.20 32 
ugm-3 ).Within air masses influencing the measurements, a new layer of nucleation 33 
mode aerosols with an initial size diameter of 20 nm was observed and aerosol 34 
number concentrations reached the peak of 6733 cm-3 at diameter of 29 nm.The 35 
averaged aerosol extinction coefficient at the height of 2 km was 150 Mm-1 ,with a 36 
small depolarized ratio (3.5%-5%). Simultaneously, the boundary layer height (BLH) 37 
presented a fall-rise trend in the presence of these enhanced aerosol concentrations 38 
and became stable in a later stage of the episode. We did not observe clear BLH 39 
diurnal variations from the lidar observations or from the Weather Research and 40 
Forecasting (WRF) model outputs, except in an earlier stage of the aerosol episode for 41 
the former. Although the sea breeze may have been responsible for these particles, on 42 
the balance of available data, we suggest that the aerosol properties at the GBR 43 
surface during this period are more likely influenced by regional transportation of 44 
continental sources, including biomass aerosols. 45 
 46 
1 Introduction 47 
The wide ranging effects of aerosols on the global radiative forcing system have 48 
received considerable attention over the last decade. They include the modification of 49 
radiation transfers and atmospheric photochemistry, cloud microphysical processes, 50 
and acidification of oceans by atmospheric sulfate or nitrate deposition (Ramanathan 51 
et al., 2001; Kaufman et al., 2002; Dusek et al., 2006; Doney et al., 2007). There have 52 
been a number of efforts to measure aerosols in urban, rural and remote sites around 53 
the globe. However, most of those studies were conducted in the Northern 54 
Hemisphere (Quinn et al., 2004; Lamarque et al., 2010; Bollasina et al., 2011; Wang 55 
et al., 2012). In the Southern Hemisphere, such as in Australia, significant gaps 56 
remain in the ability to accurately quantify aerosols at high temporal and spatial 57 
resolution. Satellite sensors such as TOMS used widely to map dust source area 58 
activity and MODIS to identify biomass burning plume pathways face several key 59 
unresolved challenges. For example, Prospero et al. (2002) found the inability of 60 
TOMS to accurately identify shallow dust plumes. G. Myhre et al. (2008) argues that 61 
high AOD of biomass burning emissions may be incorrectly screened out of the 62 
satellite data. Such limitations indicate that remote sensing of aerosols should be 63 
combined with surface based observations to provide accurate information on aerosol 64 
characteristics. This approach has been used in large-scale field campaigns such as 65 
Mate 98 (James et al., 2000), BIBLE-B (Takegawa et al., 2003), SAFIRED (Mallet et 66 
al., 2017), and MUMBA (Guérette, et al., 2017). Although these measurements have 67 
provided much information on aerosols and trace gases in Australia, detailed vertical 68 
aerosol characteristics and transport processes in this region are not fully understood.   69 
Australia’s Great Barrier Reef (GBR) is a unique location from which to study the 70 
coral and marine life, and their potential influence on aerosols. The GBR has also 71 
been recognized as a significant source of aerosol, with total particle number 72 
concentrations having been reported to be on average seven times higher than in 73 
typical marine air (Bigg and Turvey 1978). In recent years, some studies have been 74 
conducted to characterize the sources, coastal nucleation, and evolution processes of 75 
aerosols over the GBR (Jones et al., 2007; Qin et al., 2009; Fischer and Jones, 2012; 76 
Leahy et al. 2013; Swan et al., 2016; Winton et al., 2017). Considering Australia is 77 
mostly affected by smoke from controlled (planned) fires in the northern part of 78 
Australia (Tsutsumi et al., 1999; Russell-Smith et al., 2007; Mitchell et al.,2013 ) and 79 
dust in central Australia (McGowan et al., 2008), the understanding of the impact of 80 
regional transportation on aerosol production and evolution properties in GBR is 81 
particular important during the dry season when biomass burning is active in Northern 82 
and Eastern Australia (Carr et al, 2005; Majed et al., 2012; Milic et al., 2017; Mallet 83 
et al., 2017) .  84 
Furthermore, an interpretation of aerosol measurements needs concomitant 85 
measurement of meteorological condition and boundary layer (BL). Meteorological 86 
conditions including wind speed, wind direction, temperature and relative humidity 87 
play an important role in the physical and chemical modification of aerosols 88 
suspended in the BL. Meteorology also defines the atmospheric stability and therefore 89 
impacts on the atmospheric vertical mixing (O'Dowd et al., 2002, Charron et al., 90 
2004). The spatial-temporal description of the marine boundary layer (MBL) is more 91 
complicated because it is close to the coast (Melas et al., 1995; Bates et al., 2001; 92 
Tomasi et al., 2011; Winning et al., 2017). Some scientific campaigns explored the 93 
impact of the evolution of the MBL in coastal sites, and its interaction with the sea 94 
breeze and solar radiation (Abbs and Physick, 1992; Donaldson et al., 2012; Ribeiro 95 
et al., 2018). However, despite a significant number of field measurements, 96 
observations of diurnal evolution of the MBL and its relationship with meteology in 97 
GBR are still rare. 98 
This study investigated the time variation and climatology of aerosol loading and the 99 
MBL over the GBR. The paper is organized as follows: Section 2 describes the 100 
experimental setup and briefly summarizes the retrieval method for signal analysis. 101 
Section 3 includes the particle size distribution, vertical profiles of the aerosol 102 
extinction coefficients, depolarization ratios (DRs), and interprets the data. We 103 
compared MBL heights derived from lidar backscattered signals with results from the 104 
weather research and forecasting (WRF) model. Furthermore, back-trajectory analysis, 105 
Moderate Resolution Imaging Spectro radiometer (MODIS) aerosol optical depth 106 
(AOD) distribution, and World Fire Atlas hot spot detection were combined to track 107 
the origin of the air mass arriving at our observation site and the aerosol sources. 108 
Section 4 provides conclusions based on the measurement results in this experiment. 109 
2 Materials and methods 110 
2.1 AIRBOX and site details 111 
In the austral spring of 2016 the Atmospheric Integrated Research Facility for 112 
Boundaries and Oxidative eXperiment (AIRBOX) was conducted to examine aerosol 113 
production and evolution from the GBR in more detail and to explore its influence on 114 
local and global climate. A range of measurements encompassing aerosols, trace gases, 115 
and meteorological parameters, were made throughout the campaign. The AIRBOX 116 
facility was located at Mission Beach in Queensland, Australia, close to the south 117 
Coral Sea. Our observation site is a remote coastal headland located on the north-east 118 
coast of Australia (17.82250 S, 146.102365 E; Figure 1), far from local anthropogenic 119 
sources of particles, such as roads. The intensive campaign was conducted for nearly 120 
a month, from September 20 to October 16, 2016. 121 
2.2 Instrumentation 122 
2.2.1 Lidar 123 
A Scanning Mini Micro Pulse Lidar System (MiniMPL-532-C Micro, Sigma Space 124 
Corporation, Lanham, MD, USA) was installed and operated during the campaign 125 
period. The pulsed system operates at a wavelength of 532 nm, retrieves aerosol 126 
backscatter every 30 m, up to 9990 m, with a temporal resolution between 10 and 30 s. 127 
It has a cross-polarization detection channel, which enables the delivery of two-range 128 
and sky background–corrected parallel and perpendicular signals from the 129 
instrument’s software. The overlapping factor between the laser beam and the field of 130 
view (FOV) became unity when the range from the lidar is 114 m. As a secondary 131 
product, the software computes the total backscatter coefficient. During operation, 132 
however, some gaps exist in the time series of the backscatter signals due to 133 
instrumental problems. 134 
We calibrated the lidar by using clear-air signals in the far range for each profile. As 135 
multiple scattering effects usually can be neglected, accurate fields of the backscatter 136 
coefficient was derived, even though some uncertainties arise from the prescribed 137 
lidar ratio profile (Kovalev, 1995). We applied Fernald’s (1984) algorithm to derive 138 
the extinction coefficient with the U.S. Standard Atmosphere (U.S. GPO, 1976). The 139 
result of the analysis significantly depends on the lidar ratio S (S = α/β), where α is 140 
the extinction coefficient and β is the backscattering coefficient. Therefore, we need 141 
an appropriate choice of S. To apply this method, we also needed a sufficient 142 
signal-to-noise ratio of the backscattering intensity at the far-side boundary range and 143 
a good estimation of the boundary value. We took the scattering ratio (SR) as 1.2 at 144 
the boundary height of 6 km; SR is defined as mm /SR βββ ）（ a+= , where mβ  and 145 
aβ  are the backscattering coefficients of air molecules and aerosols, respectively. S 146 
was taken to be the constant value of 60, which is considered to be the representative 147 
value for mixed marine and urban aerosols at 532 nm ( Franke et al., 2003; Ansman, 148 
et al., 2004; Muller, D. et al., 2005). For signals with cloud deck, the reference height 149 
was chosen below the cloud height; thus, we retrieved aerosol extinction below and 150 
above the cloud deck by applying Fernald backward integration and forward inversion, 151 
respectively. Taking into account the unknown value of the lidar ratio and the 152 
assumed boundary condition, the errors calculated on the extinction profile were 153 
15–20 % in the center of the particle plumes discussed in this paper. Absolute errors 154 
were 1.5 * 10-4 Mm-1. We derived this number under the assumption of values of 155 
10–20 Mm-1 (Mm-1 = 1 * 106 m-1 = 1 * 103 km-1) for the extinction coefficient. 156 
Depolarized ratio (DR) was defined as the ratio of components of backscattered 157 
light-powers polarized perpendicular and parallel to the plane of the polarization of 158 
the emitted laser. According to Mie-scattering theory, we expected the DR to be zero 159 
for single scattering by homogeneous and spherical particles (Cairo et al., 1999).  the 160 
ratio of gains of the two Photomultiplie (PMTs) was determined within the 10% 161 
margin of error in the operating-voltage range. 162 
2.2.2 SMPS 163 
Particle number size distributions were measured by a Scanning Mobility Particle 164 
Sizer (SMPS) (TSI, Model 3080), with a custom-designed electrostatic classifier and 165 
a Condensation Particle Counter (CPC) (TSI, Model 3787). Prior to sampling, the 166 
aerosol was dried through a silica gel diffusion dryer, followed by a membrane dryer 167 
(Nafion MD-700), bringing the sample to a mean relative humidity of 30%. Then a 168 
well-defined charge distribution was applied to the sample by an X-ray aerosol 169 
neutralizer (TSI, Model 3087). Aerosol with diameters >615 nm were removed with a 170 
0.0457 cm impactor inlet and the aerosol size distributions were measured over the 171 
range of 12 nm to 600 nm with a time resolution of 3 minutes. Size distribution 172 
inversions were performed using the instruments built-in software export tool. Quality 173 
control/assurance procedures involved corrections for flow rate deviations, 174 
corrections for inlet losses , as well as removal of faulty data. 175 
2.2.3 FTIR and MAAP  176 
Trace gas concentrations of CO and CO2 were made with spectronus greenhouse gas 177 
analyser (Ecotech Pty Ltd., Australia ). This analyser uses a Bruker Fourier Transform 178 
InfraRed (FTIR) spectrometer (IRcube, Bruker Optics, Ettlingen Germany) and a 179 
temperature and pressure controlled White cell with 26 m path-length. Ambient air 180 
was sampled from the roof of AIRBOX and dried with Nafion and Magnesium 181 
perchlorate before passing to the White cell, where spectra were recorded every 5 182 
minutes. Spectral analyses is via the MALT software (Griffith, D., 1996). The 183 
instrument was calibrated before and after the campaign and instrument drift was 184 
monitored daily and corrected for using a stable cylinder of air. The analyser makes 185 
continuous, simultaneous measurements of CO and CO2. A full description of the 186 
instrument is given Griffith et al. (2012). Black carbon (BC) mass concentrations was 187 
obtained from a multi-angle absorption photometer (MAAP) (Thermo Scientific, 188 
Model 5012) using a 5 second sampling rate. The BC concentrations and standard 189 
deviations were calculated at a time resolution of 10 minutes. At this time resolution, 190 
the lower detection limit is estimated as <0.05 µg/m3. 191 
 2.3 Synoptic setting 192 
Figure 2 shows the general synoptic situation during the Mission Beach campaign. 193 
This surface chart is from Australian Bureau of Meteorology (BOM). The 194 
experimental location is marked by a blue circle on the image. On October 4, a high 195 
pressure system caused advection of background air from continental Australia. The 196 
ridge of high pressure lay ahead of a vigorous cold front associated with a depression 197 
in the Southern Ocean. The high pressure reached the Coral Sea on October 6 with a 198 
core pressure of 1023 hPa and the continental air was advected from western Australia. 199 
The core region of this elongated high-pressure zone was usually clear. The general 200 
weather situation did not change substantially, and the anticyclonic weather persisted 201 
in eastern Australia. Correspondingly, airflow was nearly stagnant, and the days 202 
during this period were characterized by weak winds from the east and southeast. 203 
After the high pressure had moved on, Mission Beach began to be affected by 204 
anticyclonic subsidence. Our observing site was influenced by disturbances passing 205 
from western to eastern Australia during this observation period, and these 206 
disturbances also pushed low-level clouds from inland.  207 
3 Results and discussion 208 
This section describes the general features of the observations from October 3 to 8 209 
and discusses the results of lidar, SMPS, and the boundary layer evolution with 210 
reference to the surface meteorological data. We selected these dates because (1) they 211 
corresponded to periods where surface southeasterly winds were dominant, (2) 212 
enhanced aerosol extinction as well as decreased depolarized ratio could be measured, 213 
and (3) particle size distribution experienced a sudden shift to a smaller size. In the 214 
data analysis, the time coordinate used was local standard time (LST), which equates 215 
to coordinated universal time (UTC) +10 h. 216 
3.1 Overview 217 
We measured the temperature, atmospheric pressure, solar irradiance, wind speed, 218 
wind direction, and relative humidity in 5-min intervals (Figure 3). The wind direction 219 
fluctuated on October 3 and the wind direction veered gradually from northerly to 220 
southerly wind from that afternoon. Then the southeasterly wind (~120°) remained 221 
rather constant from noon of October 4 until October 8. Wind speed was below 4 m/s 222 
throughout the event, with gradual decreased wind speeds down to 0.5 m/s on October 223 
8 (Figure 3a), which were consistent with the passing high-pressure system. Because 224 
the wind speed was in the low region of less than 4 m/s, it was chosen to represent 225 
aerosols not generated by wind-driven processes over the ocean. Relative humidity 226 
(RH) and air temperature showed a more negative relationship throughout the entire 227 
observation period (Figure 3b). Specifically, RH ranged from around 96% to 50% 228 
with a decreasing trend from October 4 to 7. The air temperature was more stable and 229 
varied between 22°C and 30°C. The wind direction from the east was consistent and 230 
RH decreased simultaneously with the drop in particle size distribution from October 231 
4 (see Section 3.2.1), suggesting a change than of the observation. Figure 3(c) shows 232 
the time-series of CO, CO2 and BC. The episode is also evident in the trace gas 233 
time-series, which peaks during the late hours of the October 3, with concentrations of 234 
CO above 140 ppb and CO2 above 460 ppm, respectively. CO remained above 90 ppb 235 
until 3 pm on October 4. Strong simultaneous enhancements are also found at this 236 
time in BC concentration, reaching above 1.091± 0.076 ugm-3 within a few hours on 237 
October 3. The mass concentrations maintained high levels with the averaged value of 238 
0.35±0.20ugm-3 on October 4 and then decreased in the following days. In fact there 239 
was clear indication of an enhancement in CO in the form of two large peaks late on 240 
the October 3 and again in the early October 6, while the second peak of CO2 and BC 241 
concentration occurred later on October 6 afternoon. These coincident peaks indicates 242 
similar pollution sources. 243 
The lidar time-altitude profiles illustrated in Figure 3d provide an efficient overview 244 
and visualization of the conditions from October 3 to 8. The detailed vertical 245 
structures of the aerosols reached an altitude of 5.0 km above ground level (AGL) and 246 
confirmed the presence of aerosol-layering activity. Lidar also captured the marine 247 
boundary layer height (MBLH) evolution. Furthermore, some precipitation, fog, and 248 
cloud events in this area contaminated the aerosol profiles by adding multiple peaks 249 
and troughs to the signal. The effect of these events normally is attenuated by time 250 
and vertical averaging of the instantaneous profiles. 251 
3.2 Aerosol physical-optical properties 252 
3.2.1 Size distribution 253 
Particle number size distributions are among the most important parameters in trying 254 
to understand the characteristics of particle population. Figure 4 illustrates total 255 
number size distribution from October 3 to 8 (LST). As shown, the particle number 256 
size distributions were dominated by well-defined Aitken (20 nm < Dp <100 nm) and 257 
accumulation modes (100 nm < Dp < 800 nm). The mean and median of number 258 
concentration for the size range 12 nm -150 nm over the period of October 4 to 6 was 259 
2.9×103 cm−3 and 1.5 ×103 cm−3, respectively. The mean modal diameters of the 260 
Aitken (≈ 55 nm at 30% RH ) and accumulation (≈ 150 nm at 30% RH) modes were a 261 
bit higher than that measured in the subtropical Northern and Southern Hemisphere 262 
regions (Bates et al., 2002). The two peaks of aerosol number concentrations were 263 
found on October 4 in the Aitken mode (6733 particles cm-3 at diameter of 29 nm) and 264 
October 6 in the Aitken mode (5343particles cm-3 at diameter of 59 nm ), respectively. 265 
 266 
Usually, the fluctuation in the particle number concentration is likely caused by 267 
coagulation, primary particle emissions, and wind speed and planetary boundary layer 268 
(PBL) variations. In the initial stage of the event, a third mode (nucleation mode, 5 269 
nm < Dp < 20nm) was observed on the afternoon of October 3, coinciding with the 270 
dramatic wind direction change and rather fluctuant wind speed. Although the number 271 
size distribution shown a clear nucleation mode, this feature was only present for less 272 
than a half-day. That is because the one-day cold fronts (Figure 2 ) passing through 273 
the observing area mixed nucleation mode particles into the MBL, the short MBL 274 
residence time provided little time for particle growth. Another possible reason is that 275 
the nucleation mode aerosol may have been emitted from a short-term source nearby 276 
our sampling site (e.g. a localised biomass burning event). This would mean that the 277 
aerosol would not have had much opportunity for growth before being sampled. 278 
Notably, the event took place when RH was increasing and temperature was 279 
decreasing, showing the opposite pattern of typical new particle formation (NPF) 280 
events. Therefore the elevated number concentrations was more likely from 281 
transported continental aerosols such as a biomass-burning particles. After the 282 
decrease of nucleation mode particles, the number concentration features a dominant 283 
mode in the particle size distribution centred around Dp ≈ 70 nm until October 6. 284 
Beginning October 7, the particle diameter increased to the range of 100 – 200 nm, 285 
which may have been the result of aging processes of biomass-burning aerosols, 286 
mixed with additional marine aerosols. This tendency is consistent with Australia’s 287 
biomass-burning aerosol averaged size of 110 nm (Majed et al., 2012; Milic et al., 288 
2017). 289 
3.2.2 Extinction coefficient 290 
The profiles of the extinction coefficients were smoothed with 60 m . As can be seen 291 
in Figure 5, the profiles of the optical properties were split into sub-layers of variable 292 
heights. The polluted MBL reached 1.0 km. The extinction coefficients at 0.6 km on 293 
October 4 and 6 showed significant enhancements and the extinction values were high 294 
(50 – 150 Mm-1) in the lofted tropospheric aerosol layer. Aerosols above 1.0 km were 295 
fairly constant, indicating that the well-defined MBL provided a strong barrier to the 296 
vertical transport of biomass-burning emissions over land. The 532-nm AOD was 297 
close to 0.13 in the episode. The aerosol extinction coefficient decreased to 60 Mm-1 298 
on October 8 and the polluted layer rose to a height of 0.8 km. The averaged AOD on 299 
October 8 was 0.03, and the values in the remaining days rarely exceeded a 300 
background level of 0.1, which was consistent with the average AOD value in 301 
Australia (Majed Radhi et al., 2009). 302 
 303 
3.2.3 Depolarization ratio  304 
In a vertical scale, we generally observed a DR larger than 0.02 in the MBL. We 305 
omitted the DR profiles above 2 km because of the low signal-to-noise ratio and the 306 
low percentage of DR (~2%) even under moderate aerosol-loading conditions in 307 
spring. The temporal variations of DR on October 4, 6, and 8 are shown in Figure 6. 308 
The profile of DR ranged from about 7% to 8% on October 4 in the lower troposphere 309 
and decreased with increasing heights. The DR value decreased and reached the 310 
minimum value of 3% on October 6, indicating the influence of different aerosol 311 
sources, whereas the concentration of aerosols was relatively high in the MBL (shown 312 
in Figure 4 and Figure 5). On October 8, the DR increased again to a higher value of 313 
12%. Although we conducted our measurement along the coast of Mission Beach, 314 
sea-breeze wind strengths were low, meaning that the measurement was less related to 315 
the effect of the Internal boundary layer (Gatrat, 1992). The boundary structure will 316 
be investigated in Section 3.3.  317 
To investigate the aerosol source, we took the averaged values of DR between 110 m 318 
to 149 m in altitude as representative values of DR in the lower atmosphere and RH at 319 
ground level (see Figure 7). Temporal changes of DR and RH were presented under 320 
fair weather (i.e., fine and weak-wind conditions from October 4 to 8; see Figure 6). 321 
The DR values dropped from 8% to 3.7% in the morning of October 4, and then DR 322 
converged to small values and fluctuated between 3.5% and 5.5% until October 6. We 323 
also observed a positive correlation of averaged DR and RH on October 4 with the 324 
correlation coefficient of 0.64. The contribution of aerosols to the observed or total 325 
DR depends mainly on the aerosol DR and the concentration of aerosols. If the 326 
aerosols in the MBL are hygroscopic or water soluble, they should absorb more water 327 
from the surrounding humid air, swell, and become more spherical as a result of the 328 
surface tension of the liquid phase. Moreover, their scattering efficiency should 329 
increase according to the increase in size, and consequently, DR should decrease. 330 
However, the reverse took place in our observation: DR decreased and the aerosol 331 
size shifted to a smaller scale (Figure 4) as RH decreased. This finding supports our 332 
assumption that aerosols are more likely continental aerosol with low hygroscopicity. 333 
The negative correlation between DR and RH was observed from the early hours of 8 334 
October,with the correlation coefficient of 0.64. It suggest more hygroscopic or 335 
water-soluble particles such as sulfates and nitrates, and deliquescent particles such as 336 
NaCl. 337 
3.3 Boundary layer height 338 
The BLH determines the depth of the troposphere directly influenced by the Earth’s 339 
surface (Stull, 1988). Aerosol vertical distribution is strongly influenced by boundary 340 
layer (BL) thermal structures, which are different over land and the ocean. Generally, 341 
lidar signal intensity decreases from the top of the BL to the free troposphere in the 342 
absence of a cloud layer or residential layer (RL) (Luo et al., 2014). Among different 343 
lidar-based BL methods, the gradient of the range-corrected signal and the Haar 344 
wavelet transform (Brooks, et al.,2003; Baars et al.,2008) to measure the fluctuations 345 
of the signal represent the most commonly used techniques (Flamant et al., 1997; 346 
Lammert and Bosenberg, 2006). Both of these methods rely on the fact that most of 347 
the pollutants, like aerosols, are concentrated in the BL. Here we used the gradient of 348 
the range-corrected signal to estimate the BLH and compared our estimates with the 349 
WRF simulations. WRF model (Borge et al., 2008; Pichelli et al., 2014) was used to 350 
differentiate the BL top by identifying an inversion in the temperature and humidity 351 
data.  352 
Figure 8 shows the two different regimes of BL evolution derived from lidar 353 
backscattered signal on October 4 and 6. Temporal and spatial resolutions were 2 354 
minutes and 30 meters, respectively. One regime occurred during the drastic variation 355 
of BL and another with a regime of equilibrium entrainment (i.e., when BL evolution 356 
was in a quasi-steady state). October 4 coincided with the first part of the period of 357 
consistent southeasterly winds. The BLH decreased gradually in the early morning, 358 
reaching the minimum height of 0.2 km and remained still until 10:00 LST. Then, 359 
BLH increased gradually to 2.0 km before it experienced a sharp decrease again to 0.3 360 
km at 18:00 LST. In comparison the aerosol layer on October 6 became rather stable 361 
and was trapped in the entrainment region. We did not find a clear diurnal variation 362 
for MBL observations from the lidar aerosol-related signals except those taken on 363 
October 4. 364 
The BLH estimates from WRF generally were lower than those from the lidar 365 
observations, especially on October 4 when the BL fluctuated strongly. In the WRF 366 
formulation, the BLH was a function of the bulk Richardson number, which depended 367 
on the temperature and wind speed profile. Compared with the surface variables, 368 
vertical profiles from the lidar were less dependent on the surface-layer schemes. The 369 
surface-layer parametrizations contributed only to near-surface variability in both the 370 
unstable and stable regimes, whereas the shapes of the profiles were determined by 371 
the BL mixing algorithms. Our results agree with those by Krogsæter (2011), who 372 
also found WRF underestimated BLH compared with observations at the offshore 373 
research platform in the North Sea and rather low MBL during springtime.  374 
3.4 Possible particle sources 375 
3.4.1 MODIS AOD and fire spots 376 
Figure 9 shows the integration of the MODIS-retrieved AOD at 550 nm on October 4 377 
and the fire spots based on level 2 Terra/MODIS thermal anomalies/fire product 378 
(MOD14) from September 27 to October 7. In this study, we used MODIS Level_2 379 
AOD product (MOD/MYD04) over ocean and land at 0.55µ m, which are available at 380 
3 km × 3 km spatial resolution. The retrieval algorithm is based on the look-up table 381 
(LUT) approach, which employs a predefined set of aerosol types, loadings, and 382 
geometries. To account for both land and ocean, we used dark target (DT) algorithm 383 
retrievals instead of deep blue (DB) algorithm retrievals, which can be used only over 384 
land. This approach detected AOD and fire spots simultaneously. The 385 
small-depolarized ratio in Figure 6 indicates that fine mode particles were the major 386 
contributor to the days of aerosol optical thickness during this episode. During the late 387 
dry season (from September to November), biomass-burning aerosol contributed 388 
significantly to the aerosol optical thickness, in particular on moderate AOD days, 389 
which is as expected given that biomass burning was active in eastern and northern 390 
Australia during much of this observation period. 391 
3.4.2 Back-trajectory air mass 392 
To understand the changes in aerosol data, the various influences on the air mass must 393 
be characterized to determine possible sources and sinks. We achieved this by 394 
considering synoptic conditions, measuring in situ meteorology, and calculation of 395 
back-trajectories using the Global Data Assimilation System (GDAS) global data set 396 
in the Hybrid Single Particle Lagrangian integrated trajectory (HYSPLIT) model 397 
(Draxler Rolph, 2003; Rolph, 2014). For an unusual air mass (e.g., BLH rapid-change 398 
episode), we calculated 72-h back-trajectories at altitudes of 1.0 km to observe the 399 
passage of air in the MBL before the air arrived at Mission Beach. 400 
The calculated HYSPLIT back-trajectories indicated that almost all of the air masses 401 
experienced an anticlockwise path on October 3, 4, 6, and 8 (Figure 10). On October 402 
3, air masses that had originated over the ocean region spent at least 72 h traveling 403 
over the Coral Sea within the MBL and crossed land briefly before arriving at the 404 
observation sites. This movement implied that the MBL on that day should contain 405 
more maritime aerosols, with small contribution from continental aerosols . Then, on 406 
October 4 and 6, the air masses passed through burning areas of northern and central 407 
Australia, recirculating the mixed aerosol air masses, which would bring additional 408 
biomass-burning aerosol and allow more time for smoke coagulation to occur. A small 409 
contribution from the Lake Eyre Basin secondary aerosol components, such as nitrates 410 
and organic acid ions, were also possible. Therefore these trajectories gave a 411 
meso-scale spatial bound to the conditions leading to the layer of smaller-size 412 
particles shown in Figure 4, rather than the local scale. On October 8, the air masses 413 
traveled across the Coral Sea again after a long distance transportation from southern 414 
and central Australia. The fine mode peak shifted to a larger radius with lower 415 
concentrations in the accumulation mode, which may have been due to a reduction in 416 
the number of particles as a result of aging processes and more marine aerosols. 417 
 418 
3.4.3 Sources 419 
Aerosols in the MBL are locally emitted, wind-driven particulates and have the 420 
greatest variability in composition and concentration. Here, we give but one possible 421 
interpretation of the observed results by considering the optical properties of aerosols. 422 
Before the noon of October 3, more marine aerosols, including sea-spray aerosol, 423 
contributed to the overall mass of MBL aerosols. From the afternoon of October 3, the 424 
aerosol size decreased rapidly from 100 nm to 20 nm with a dramatic wind shift, and 425 
then the size distributions were dominated by well-defined Aitken mode until October 426 
7. The change in wind direction from the marine and coastal sectors to the continental 427 
sector was accompanied by an appearance of relatively smaller-sized particles. This 428 
indicated that the cleaner, marine air containing the dominant seasalt and sulfate 429 
aerosols were replaced by continental air masses as the local wind changed direction 430 
from sea to land.  431 
There is further evidence suggesting that the layer of aerosols were of continental 432 
origin.Although back-trajectories might be fairly uncertain, we propose with some 433 
confidence that the air masses passing over northern and central Australia spent very 434 
little time over the local GBR. Therefore, it would appear to be fairly improbable that 435 
the majority of the layer contents are of recent GBR origin, and subsequently, they 436 
most likely reflect a transport phenomenon involving distant sources. We know that 437 
biomass burning constitutes a large source of dry-season aerosol emissions over 438 
northern and central Australia, and episodic austral summer wild fires in southern and 439 
eastern Australia. Because our observation campaign began in the late dry season in 440 
October and November, we can assume that some of the aerosols were from 441 
continental sources, especially biomass burning, and that they contained more organic 442 
components.Nevertheless, without more measurements of anthropogenic or 443 
continental tracers (e.g., carbon monoxide, and radon) we could not prove this 444 
hypothesis by ruling out marine and coastal sources. Therefore, we suggest that the 445 
GBR was more likely influenced by the transportation sources mixed with small 446 
amounts of marine aerosols in this event. The long distance transportation of 447 
continental aerosols contributed a major source of fine particles in the GBR and 448 
played a significant role in local climate.   449 
4 Conclusions 450 
We analyzed the aerosol observations at a coastal site near the GBR using lidar 451 
measurements, SMPS, and meteorological parameters (such as measured wind 452 
direction and speed and back-trajectories) to understand the processes. We observed 453 
an enhancement of the aerosol layer at a height of 0.6 km on October 4 and 6 when 454 
the north-westerly air mass persisted and combined with stable meteorology. The 455 
averaged aerosol extinction at a height of 0.6 km was 150 Mm-1 for the MBL. 456 
Integrating the extinction coefficient from 0.1 km to 0.8 km, we identified a 457 
corresponding aerosol optical depth of 0.13. We generally observed a positive 458 
correlation between DR and RH in the lower atmosphere. A possible explanation for 459 
this observation was biomass-burning aerosols that produced new particles as a result 460 
of the long transportation of biomass-burning aerosols from eastern and central 461 
Australia. 462 
Although single-wavelength elastic lidar measurements are necessarily limited in 463 
space and time and in their ability to differentiate among various types of aerosol 464 
particles, lidar measurements with aerosol optical properties can be taken in two or 465 
three dimensions and in time by performing process research (field studies). These 466 
measurements are beneficial to improving our understanding of aerosol processes. 467 
Further systematic studies should be combined with additional surface-based 468 
observations to provide more accurate information on aerosol characteristics. It also 469 
appears that the GBR is a particularly dependable and productive location for studies 470 
dealing with the evolution and fate of long-distance-transported biomass burning 471 
products. Accordingly, the need for observational data from biomass-burning source 472 
areas is undeniable, particularly that which quantifies the physical attributes of smoke 473 
plumes, their relationship to source area surface characteristics, land use, and 474 
synoptic- and local-scale meteorology.  475 
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Figure Captions: 693 
Figure 1. Map showing the Great Barrier Reef of eastern Australia. AIRBOX Ground 694 
Stations are located at Mission Beach. 695 
Figure 2. Surface chart at 12:00 UTC on October 4 and 6. 696 
Source: Australian Bureau of Meteorology (BOM). 697 
Figure 3. Meteorological parameters and lidar backscattered signals from October 3 698 
to 9. (a) In situ wind direction during the period was constantly from the east, with 699 
minimal variation. Wind speed was low throughout the event, remaining below 4 m/s. 700 
(b) The event saw an overall trend of slight decrease in relative humidity that was 701 
simultaneous with stable air temperature. (c) Time-versus-height cross-section of 702 
aerosol optical backscattering at 532 nm from the ground to 5.0 km AGL over a 2-min 703 
period collected in Mission Beach, Australia. 704 
Figure 4. Contour plots of aerosol size distribution from 3 October to 9 October. 705 
Aerosol concentrations per diameter bin are given in terms of dN/dlogdp.    706 
Figure 5. Profiles of (a) extinction coefficient and (b) DR measured on October 707 
4,2016. Error bars denote standard deviations caused by signal noise and systematic 708 
errors from the estimates of input parameters. Only profiles higher than 0.1 km are 709 
trustworthy because of an overlap effect. 710 
Figure 7. Temporal changes of averaged DR and surface RH in the lower atmosphere. 711 
Figure 8. Time-height cross-section of the range-square-corrected backscatter signal, 712 
measured on (a) October 4 and (b) October 6, 2016 (October 6 starts from 06:00 LST 713 
because of instrument breakdown). The color bar indicates the signal’s intensity. 714 
Magenta circles and red stars indicate the BLH estimates from the maximum gradient 715 
of the wavelet analysis and the estimate from WRF, respectively. 716 
Figure 9. MODIS-derived AOD observed on 4 October 2016 and MODIS fire map 717 
during the observing period .  718 
Source: http://ladsweb.nascom.nasa.gov and 719 
http://lance.modaps.eosdis.nasa.gov/cgi-bin/imagery/firemaps.cgi). 720 
Figure 10. (a)–(d) Backward trajectory ensembles at 0.1 km ending at Mission Beach, 721 
Eastern Australia, at 12:00 UTC on October 3, 4, 6, and 8, 2016. The plot is presented 722 
according to the HYSPLIT calculation scheme. 723 
 724 
             725 
Figure 1. Map showing the Great Barrier Reef of eastern Australia. AIRBOX Ground 726 
Stations are located at Mission Beach. 727 
 728 
      729 
(a)                                    (b) 730 
Figure 2. Surface chart at 12:00 UTC on October 4 (a) and October 6(b). 731 
Source: Australian Bureau of Meteorology (BOM) 732 
 733 
 734 
   735 
 736 
 737 
Figure 3. Meteorological parameters, lidar backscattered signals and in-situ BC 738 
measurements from October 3 to 9. (a) In situ wind direction during the period was 739 
constantly from the east, with minimal variation. Wind speed was low throughout the 740 
event, remaining below 4 m/s. (b) The event saw an overall trend of slight decrease in 741 
relative humidity that was simultaneous with stable air temperature. (c) BC mass 742 
concentration showed peaks on October 4. (d) Cross-section of aerosol optical 743 
backscattering at 532 nm from the ground to 5.0 km AGL over a 2-min- averaged 744 
period collected in Mission Beach, Australia was found to reach higher levels from 745 
October 4.  746 
747 
Figure 4. Contour plots of aerosol size distribution from 3 October to 8 October. 748 
Aerosol concentrations per diameter bin are given in terms of dN/dlogdp.    749 
 750 
      751 
Figure 5. Profiles of (a) extinction coefficient and (b) DR measured on October 752 
4,2016. Error bars denote standard deviations caused by signal noise and systematic 753 
errors from the estimates of input parameters. Only profiles higher than 0.1 km are 754 
trustworthy because of an overlap effect.     755 
 756 
Figure 6. Vertical profiles of the DR on October 4, 6, and 8, 2016. 757 
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 759 




           (b) 764 
Figure 8. Time-height cross-section of the range-square-corrected backscatter signal, 765 
measured on (a) October 4 and (b) October 6, 2016 (October 6 starts from 06:00 LST 766 
because of instrument breakdown) . The color bar indicates the signal’s intensity. 767 
Magenta circles and red stars indicate the BLH estimates from the maximum gradient 768 
of the wavelet analysis and the estimate from WRF, respectively. 769 
 770 
Figure 9. MODIS-derived AOD observed on October 4, 2016, and MODIS fire map 771 
during the observing period. 772 
Source: http://ladsweb.nascom.nasa.gov and 773 
http://lance.modaps.eosdis.nasa.gov/cgi-bin/imagery/firemaps.cgi. 774 
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(a)                                          (b) 777 
   778 
(c)                                (d) 779 
Figure 10. (a)–(d) Backward trajectory ensembles at 0.1 km ending at Mission 780 
Beach, Eastern Australia, at 12:00 UTC on October 3, 4, 6, and 8, 2016. The plot is 781 
presented according to the HYSPLIT calculation scheme. 782 
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